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Detrital zircons are important proxies for crustal provenance and have beenwidely used in tracing source
characteristics and continental reconstructions. Southern Peninsular India constituted the central
segment of the late Neoproterozoic supercontinent Gondwana and is composed of crustal blocks ranging
in age from Mesoarchean to late NeoproterozoiceCambrian. Here we investigate detrital zircon grains
from a suite of quartzites accreted along the southern part of theMadurai Block. Our LA-ICPMS U-Pb dating
reveals multiple populations of magmatic zircons, among which the oldest group ranges in age from
Mesoarchean to Paleoproterozoic (ca. 2980e1670 Ma, with peaks at 2900e2800 Ma, 2700e2600 Ma,
2500e2300 Ma, 2100e2000 Ma). Zircons in two samples show magmatic zircons with dominantly
Neoproterozoic (950e550Ma) ages. Themetamorphic zircons from the quartzites deﬁne ages in the range
of 580e500 Ma, correlating with the timing of metamorphism reported from the adjacent Trivandrum
Block as well as from other adjacent crustal fragments within the Gondwana assembly. The zircon trace
element data aremostly characterized by LREE depletion and HREE enrichment, positive Ce, Sm anomalies
and negative Eu, Pr, Nd anomalies. The Mesoarchean to Neoproterozoic age range and the contrasting
petrogenetic features as indicated from zircon chemistry suggest that the detritus were sourced from
multiple provenances involving a range of lithologies of varying ages. Since the exposed basement of the
southern Madurai Block is largely composed of Neoproterozoic orthogneisses, the data presented in our
study indicate derivation of the detritus from distal source regions implying an open ocean environment.
Samples carrying exclusive Neoproterozoic detrital zircon population in the absence of older zircons
suggest proximal sources in the southern Madurai Block. Our results suggest that a branch of the
Mozambique oceanmight have separated the southernMadurai Block to the north and the Nagercoil Block
to the south, with the metasediments of the khondalite belt in Trivandrum Block marking the zone of
ocean closure, part of which were accreted onto the southern Madurai Block during the collisional
amalgamation of the Gondwana supercontinent in latest NeoproterozoiceCambrian.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Continental growth through vertical and horizontal accretion,
recycling, and destruction are important processes associated with
crustal evolution through time, including the assembly andResources, China University
083, China.
.
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).disruption of supercontinents (Condie et al., 2009; Santosh et al.,
2009a; Manikyamba and Kerrich, 2012; Santosh, 2013; Spencer
et al., 2015). Recent studies also recognize that the early history
of the Earth was characterized by the formation and amalgamation
of micro-blocks through multiple subduction-accretion-collision
processes (Santosh et al., 2009a, 2015). The late Neoproterozoice
Cambrian supercontinent Gondwana is one of the well-studied
examples of amalgamation of continental blocks with distinct
crustal evolution history, and involving subduction-accretion-
collision and related magmatism and high grade metamorphismction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Figure 1. Generalized tectonic framework of the Southern India showing the major crustal blocks and intervening shear/suture zones (after Collins et al., 2014; Santosh et al., 2015).
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2012; Bingen et al., 2009; Collins et al., 2014; Clark et al., 2015;
Takamura et al., 2016). The Gondwana-forming event involved
the closure of a major ocean (the Mozambique ocean) and con-
struction of multiple orogenic belts (e.g., Sommer et al., 2005;
Bingen et al., 2009; Collins et al., 2014).Located in the central part of the Gondwana supercontinent, the
geological and tectonic history of Peninsular India have been cen-
tral to discussions on Archean and Proterozoic crustal evolution
models and paleogeography of the Gondwana supercontinent
(Harris et al., 1996; Collins et al., 2007a, 2014; Santosh et al., 2009b,
2012, 2015; Saitoh et al., 2011; Sato et al., 2011b; Plavsa et al., 2014).
Figure 2. Geological sketch map of the southern part of the Madurai Block and adjacent Trivandrum and Nagercoil Blocks showing the sample locations.
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and geophysical studies have offered important information on the
evolution of the crustal blocks and their amalgamation in the
Southern Granulite Terrane (SGT) of Peninsular India (Sato et al.,
2010; Plavsa et al., 2012; Collins et al., 2014; Koizumi et al., 2014).
The Archean to Paleoproterozoic basement of the Dharwar Craton,
Coorg Block, Salem Block and Nilgiri Block (Chadwick et al., 2000;
Clark et al., 2009; Peucat et al., 2013; Ram Mohan et al., 2013;
Samuel et al., 2014; Lancaster et al., 2015; Santosh et al., 2015,
2016), and the Paleoproterozoic to Neoproterozoic terranes in the
Madurai, Trivandrum and Nagercoil Blocks have received much
attention in recent studies (Santosh et al., 2006; Kooijman et al.,
2011; Teale et al., 2011; Plavsa et al., 2014, 2015). The Palghat-
Cauvery shear/suture zone (PCSZ) that marks the broad boundary
between Archean blocks to the north with the Proterozoic blocks to
the south in the SGT is considered as the trace of the Mozambique
ocean suture (Chetty and Bhaskar Rao, 2006; Collins et al., 2007a;
Saitoh et al., 2011; Santosh et al., 2012) (Fig. 1). Similarly, theAchankovil shear/suture zone separating the Madurai and Trivan-
drum blocks is also considered as a major tectonic zone (Collins
et al., 2007b; Shimizu et al., 2009; Santosh et al., 2009b). The
extension of the Mozambique ocean suture into Madagascar (Bet-
simisaraka suture) and central Tanzania have also been proposed
(Möller et al., 1998; Kröner et al., 2003; Sommer et al., 2003, 2005,
2005; Collins, 2006). The tectonic correlation of India-Sri Lanka-
Madagascar-Antarctic-Africa has been evaluated in several studies
(Janardhan, 1999; Bingen et al., 2009; Santosh et al., 2009b; Collins
et al., 2014; among others).
Detrital zircons from sedimentary rocks provide important in-
sights into provenance protolith characteristics (Gebauer et al.,
1989; Cawood et al., 2003), and isotopic data from detrital zircons
have been widely applied to trace the crustal evolution history in
Gondwana fragments including India, Sri Lanka, Madagascar, Africa
and Antarctica (Cox et al., 1998, 2004; Rainaud et al., 2003; Plavsa
et al., 2014; Tsunogae et al., 2015, 2016; Takamura et al., 2016).
Takamura et al. (2016) linked the Archean magmatic units from Sri
Figure 3. Detailed geological map of study area showing the rock type and groups, and sample locations of the southern Madurai Block (modiﬁed after Geological Survey of India,
2005).
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the Paleoproterozoic crust with Congo-Tanzania-Bangweulu Block
of East Africa. Collins et al. (2007b) correlated the depositional age
of Madurai Block and Trivandrum Block with the western Malagasy
metasedimentary rocks (the Itremo and Molo Groups). Tsunogae
et al. (2015, 2016) traced the arc related magmatic zircon from
Lützow-Holm Complex of Antarctica from Kadugannawa Complex
in Sri Lanka. Sommer et al. (2003) established correlations among
the central Mozambique Belt of Tanzania, East Africa and
Madagascar based on similar peak metamorphic events.
In this study, we investigate detrital zircons in a suite of meta-
sediments (quartzites) from the southern margin of the Madurai
Block, north of the Achankovil suture zone. We compare the results
with previous data from southern Madurai Block as well as those
from other adjacent Gondwana fragments and establish a coherent
correlation with Sri Lanka, Madagascar and East Africa. We also
conﬁrm late NeoproterozoiceCambrian high grade metamorphism
possibly associated with the closure of Mozambique ocean and
collisional assembly of crustal fragments within the Gondwana
supercontinent.
2. Geological background
The Southern Granulite Terrane in India (Fig. 1), south of the
Archean Dharwar Craton, is a collage of crustal blocks and inter-
vening suture/shear zones ranging in age from Mesoarchean to late
NeoproterozoiceCambrian (Peucat et al., 1993; Chadwick et al.,
2000; Jayananda et al., 2000; Clark et al., 2009; Santosh et al.,
2009b, 2015, 2016; Collins et al., 2014). Towards the south part of
Palghat-Cauvery Suture Zone (PCSZ, considered as the trace of the
Mozambique ocean suture; Collins et al., 2007a,b; Santosh et al.,
2009b) is the Madurai Block, which in recent studies is identiﬁedas a collage of three crustal segments, the northern, central and
southern provinces (Plavsa et al., 2014). The Madurai Block is the
largest crustal block in southern India and exposes hornblende-
biotite gneiss, charnockites, diorites, pinkish and greyish granites
and pegmatites, garnet-biotite gneiss, garnet-biotite-sillimanite
gneiss, quartzite and metacarbonates (Santosh et al., 2009b; Plavsa
et al., 2012) (Figs. 2 and 3). Previous geochronological studies sug-
gest the Madurai Block is dominantly composed of Neoarchean to
Paleoproterozoic basement in the northern part and dominantly
Neoproterozoic rocks in the southern part (Collins et al., 2007b;
Santosh et al., 2009b; Plavsa et al., 2014). The Madurai Block is
considered as a collage of magmatic arcs developed through pro-
tracted subduction events and accreted together with intervening
oceanic and supracrustal lithologies, with subsequent regional
metamorphism during late NeoproterozoiceCambrian during the
orogeny event (Santosh et al., 2009b).3. Geology of the study area and sampling
The major rock types in the study area at the southern margin of
the Madurai Block are orthopyroxene-bearing mappable units of
‘massive’ charnockites, migmatitic TTG (tonalite-trondhjemite-
granodiorite) gneisses, granulite facies metapelitic bands (khon-
dalites and leptynites), metacarbonates, and younger felsic in-
trusions. Lenticular and linear and folded quartzite bands form
ridges as well as mounds. Quartzites also occur as small conform-
able bands within garnet-biotite sillimanite gneisses.
In this study, we collected representative quartzite samples for
zircon U-Pb geochronology. The sample locations are shown in
Figs. 2 and 3, and their salient details are listed in Table 1. Repre-
sentative ﬁeld photographs are shown in Fig. 4, and a brief
Table 1
Sample numbers, localities, rock types, GPS reading from southern Madurai Block.
Serial no. Sample no. Locality Rock type Coordinates
1 TRM-6-1 Valibanpottai Quartzite N0857046.3400
E7718003.5500
2 TRM-7-1 Alangulam Quartzite N0852019.7000
E7727058.4600
3 TRM-8-1 Karumpuliyuth Quartzite N0850007.7100
E7731053.7400
4 TRM-11-1 Rettiyarpatti Grt bearing
quartzite
N0840036.2000
E7745025.3000
5 TRM-12-1 Infant Jesus
Engineering
College
Quartzite N0844002.1600
E7752042.3300
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given below.
3.1. Quartzite (sample TRM-6-1)
Sample TRM-6-1 was collected from an outcrop in the Vali-
banpottai village (N0857044.6100, E7718004.0500) near a massive
charnockite quarry. The quartzite band here is approximately 30 m
in width and is coarse grained and white to pinkish in color. The
band is folded and fractured and intercalated with weathered
brownish clayey horizons corresponding to pelitic (aluminous)
layers. These sedimentary bands appear to have been accreted onto
the continental basement, as inferred from there juxtapositionwith
massive charnockites (Fig. 4a). The charnockite is greenish gray and
shows granitic igneous texture and carries ca. 50 m wide zone
retrogression and bleaching at the contact of intrusion of pegmatite
veins (10e20 cm thick). The charnockite also carries melanocratic
enclaves (maﬁc magmatic enclaves) which are subrounded andFigure 4. Representative ﬁeld photographs: (a) TRM-6-1 pinkish coarse grained quartzite i
showing milky to light brownish color; (c) TRM-7-1 coarse grained quartzite intercalated
quartzite intercalated with altered semi-pelitic rocks.elongate and broadly corresponding to dioritic composition,
resembling features of magma mixing and mingling.
3.2. Quartzite (sample TRM-8-1)
Sample TRM-8-1 was collected from a large ground level
exposure near Kulampuliyuth (N0850007.7100, E7731053.7400). The
quartzite band has a width of 100 m and is foliated. The rock shows
light brownish to pinkish color and is medium to coarse grained.
The pink color is attributed by ﬁne grained ferruginous material.
The band extends for 100 m and shows fracturing and folding. The
basement rock here is also charnockite and is greenish, medium to
coarse grained, with weak foliation. Visible clots of orthopyroxene
and oriented biotites are present in this basement rock. Thin layers
of hornblendite and some diorite enclaves occur within the
charnockite.
3.3. Quartzite (sample TRM-12-1)
Sample TRM-12-1 was collected from the quartzite hillock
opposite to Infant Jesus Engineering College (N0844002.1600,
E7752042.3300), close to Tirunelveli-Tuticorin highway. The
quartzite occurs as large ridge mostly covered by vegetation.
Samples were collected from the foot of this hill, and medium to
coarse grained, milky to light brownish in color and show weak
foliation (Fig. 4b).
3.4. Quartzite (sample TRM-7-1)
Sample TRM-7-1 was collected from a folded and meta-
morphosed quartzite band near Alangulam (N0852019.7000,
E7727058.4600). The rock is light brownish to pinkish in color,ntercalated with thin pelitic layers; (b) TRM-12-1 medium to coarse grained quartzite
with dark brown pelitic layers; (d) TRM-11-1 pinkish medium grained garnet-rich
Figure 5. Representative Cathodoluminescence (CL) images of zircon grains from quartzite (TRM-6-1, TRM-8-1, TRM-12-1) of southern Madurai Block. Zircon U-Pb ages (Ma) are
shown and the yellow circles represent spots of LA-ICP-MS U-Pb dating.
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Figure 6. Representative Cathodoluminescence (CL) images of zircon grains from (a) quartzite (TRM-7-1) and (b) garnet bearing quartzite (TRM-11-1) of southern Madurai Block.
Zircon U-Pb ages (Ma) are shown and the yellow circles represent spots of LA-ICP-MS U-Pb dating.
S.-S. Li et al. / Geoscience Frontiers 8 (2017) 851e867 857medium to coarse grained and intercalated with thin pelitic layers.
The alternating psammitic and pelitic sequence are decimeter thick
and show foliation (Fig. 4c). The quartzite is ferruginous with
assemblage of quartz, hematite and magnetite. Within the band, a
meter size block of greenish calc-silicate rock and occur as bou-
dinaged lens. The basement rock is medium to ﬁne grained mela-
nocratic diorite and forms part of the TTG (tonalite-trondhjemite-
granodiorite) gneiss suite in the area.3.5. Garnet bearing quartzite (sample TRM-11-1)
Sample TRM-11-1 was collected from a vertical hill cutting near
Ettiyarpatti (N0840036.2000, E7745025.3000), along the highway
from Tirunelveli to Trivandrum. The quartzite is garnet-rich with
rare biotite, and light brownish or pinkish in color, medium
grained, and occurs as several meters thick (>20 m) bands inter-
calated with altered clay-rich semi-pelitic rocks (Fig. 4d). Within
Figure 7. (a, c, e) U-Pb concordia diagrams of the analyzed samples (TRM-6-1, TRM-8-1, TRM-12-1). Red and blue circles in concordia diagrams imply core and rim respectively. (b,
d, f) All the ages in histograms are 207Pb/206Pb ages.
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Figure 8. (a, c) U-Pb concordia diagrams of the analyzed samples (TRM-7-1, TRM-11-1). Red and blue circles in concordia diagrams imply core and rim respectively. (b, d) All the
ages in histograms are 206Pb/238U ages.
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grained maﬁc dykes are also found.
4. Analytical techniques for zircon U-Pb geochronology
Zircon grains were separated using standard procedures for U-
Pb dating at the Yu’neng Geological and Mineral Separation Survey
Centre, Langfang City, Hebei Province, China. The CL imaging was
carried out at the Beijing Geoanalysis Centre. Individual grains were
mounted along with the standard TEMORA 1, with 206Pb/238U age
of 417 Ma (Black et al., 2003), onto double-side adhesive tape and
enclosed in epoxy resin disks. The disks were polished to a certain
depth to expose the cores of the grains and gold coated for cath-
odoluminescence (CL) imaging and U-Pb isotope analysis. Zircon
morphology, inner structure and texture were examined by using a
JSM-6510 Scanning Electron Microscope (SEM) equipped with a
backscatter probe and a Chroma CL probe. The zircon grains were
also examined under transmitted and reﬂected light images using a
petrological microscope.U-Pb dating and trace element analyses of zircon were con-
ducted synchronously by LA-ICP-MS at theWuhan Sample Solution
Analytical Technology Co., Ltd. Detailed operating conditions for
the laser ablation system and the ICP-MS instrument and data
reduction are the same as description by Liu et al. (2008, 2010a,b).
Laser sampling was performed using a GeoLas 2005. An Agilent
7500a ICP-MS instrument was used to acquire ion-signal in-
tensities. Heliumwas applied as a carrier gas. Argonwas used as the
make-up gas and mixed with the carrier gas via a T-connector
before entering the ICP. Nitrogen was added into the central gas
ﬂow (Ar þ He) of the Ar plasma to decrease the detection limit and
improve precision (Hu et al., 2008; Liu et al., 2010b). Each analysis
incorporated a background acquisition of approximately 20e30 s
(gas blank) followed by 50 s data acquisition from the sample. The
Agilent Chemstation was utilized for the acquisition of each indi-
vidual analysis. Off-line selection and integration of background
and analyte signals, and time-drift correction and quantitative
calibration for trace element analyses and U-Pb dating were per-
formed by ICPMSDataCal (Liu et al., 2008, 2010a).
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was analyzed twice every 5 analyses. Time-dependent drifts of U-
Th-Pb isotopic ratios were corrected using a linear interpolation
(with time) for every ﬁve analyses according to the variations of
91500 (i.e., 2 zircon 91500þ 5 samplesþ 2 zircon 91500) (Liu et al.,
2010a). Preferred U-Th-Pb isotopic ratios used for 91500 are from
Wiedenbeck et al. (1995). Uncertainty of preferred values for the
external standard 91500 was propagated to the ultimate results of
the samples. Concordia diagrams and weighted mean calculations
were made using Isoplot/Ex_ver3 (Ludwig, 2003). Trace element
compositions of zircons were calibrated against multiple-reference
materials (BCR-2G and BIR-1G) combined with internal standardi-
zation (Liu et al., 2010a).
5. Results
Representative cathodoluminescence (CL) images of zircons
from the quartzite samples TRM-6-1, TRM-7-1, TRM-8-1, TRM-11-1,
TRM-12-1 are shown in Figs. 5 and 6, together with the analytical
spots. The U-Pb age data are presented in Supplementary Table 2,
and are plotted in concordia diagrams together with age data his-
tograms (Figs. 7 and 8). The morphological characteristics of the
zircon grains and age data in individual samples are brieﬂy
described below.
5.1. Zircon morphology
5.1.1. Sample TRM-6-1
In CL images, the zircons from this sample are colorless or dark
brownish, transparent to translucent. Most grains are irregular
euhedral to anhedral, and show prismatic or stumpy morphology
(Fig. 5a). The zircons grains show a size range of 80e150 mm 
100e300 mmwith aspect ratios of 3:1 to 1:1. They display core-rim
texture. The detrital cores mostly show clear oscillatory zoning,
with some show patchy zoning or sector zoning, and are sur-
rounded by a dark overgrowth rim, suggesting multiple thermal
events. The dark rim is often also surrounded by a bright meta-
morphic rim with width ranging up to 100 mm. The metamorphic
rims are sometimes surrounded by another dark rim, suggesting
recrystallization or overgrowth from ﬂuids. Few grains show dark
cores without structure. Some grains show abundant inclusions.
Discrete structureless metamorphic grains are also common.
5.1.2. Sample TRM-8-1
Most grains from this sample are well grown and are trans-
parent, colorless or brownish. The grains are euhedral to subhedral,
rounded to subrounded, and few are prismatic or stumpy (Fig. 5b).
The grain size shows a range of 80e200 mm  80e200 mm with
aspect ratios of 2:1e1:1. While core-rim texture is common,
structureless grains also occur. The detrital cores are surrounded by
bright white colored metamorphic rims or white domains, and
some metamorphic rim mantled by a thin rim suggesting recrys-
tallization. The detrital cores generally display oscillatory zoning or
patchy zoning and some grains show very dark cores.
5.1.3. Sample TRM-12-1
Zircon grains in this rock are colorless or light brownish and
transparent. They are irregular, euhedral to anhedral, with pris-
matic to stumpy shape. The grain size shows a range of
80e200 mm  100e220 mm with aspect ratios of 2:1e1:1. They
show typical core-rim structure (Fig. 5c). The detrital cores show
oscillatory zoning or patchy zoning and are surrounded by a bright
metamorphic rim or thin luminescent boundary. The metamorphic
rims show width up to 100 mm. Some grains show bright cores,which are surround by a dark overgrowth rim. Several grains in this
sample carry mineral/ﬂuid inclusions. Discrete metamorphic grains
without any internal structure also occur.
5.1.4. Sample TRM-7-1
Zircons from this sample are mostly brownish or colorless,
transparent and cracked. They show euhedral to anhedral
morphology, and are prismatic and elongate in habit (Fig. 6a) with
size range of 30e100 mm  50e200 mm and aspect ratios of
2:1e5:3. In CL images, the core-rim structure is marked by a very
thin luminescence rim or band. The metamorphic rims are mostly
narrow but in some cases the rims range up to 80 mm inwidth. The
oscillatory zoning of the core is weak and mineral inclusions are
also present.
5.1.5. Sample TRM-11-1
In CL images, zircons from this garnet-bearing quartzite are
transparent and colorless, with prismatic or elongated morphology
(Fig. 6b). They show a size range of 50e120 mm  50e200 mm and
aspect ratios of 3:1e1:1. The grains display moderate core-rim
texture with the detrital cores showing oscillatory zoning or
luminescent banding, and are surrounded by bright metamorphic
rims. The internal textures are much clear and some grains show
mineral/ﬂuid inclusions. In some grains the oscillatory cores are
surround by a dark overgrowth rim, which is again bordered by a
bright metamorphic rim, representing recrystallization.
5.2. U-Pb and REE data
5.2.1. Sample TRM-6-1
A total of 35 spots were analyzed both from the detrital cores
and metamorphic rims of thirty one zircons from this sample and
the data can be divided into two groups. The older group is
composed of 23 spots and their Th contents range from 40.51 to
336.12 ppm and U contents show a range of 68.92e626.84 ppm.
The Th/U ratios are high and in the range of 0.27e2.47, representing
magmatic crystallization. Many of the analyzed spots from this
group are detrital cores and are dominantly discordant suggesting
signiﬁcant lead loss (see Fig. 7a and Supplementary Table 2). The
207Pb/206Pb ages with the low concordance are from the cores and
show Neoarchean to Paleoproterozoic spot ages in the range of
2887 25Ma to 1674 43Ma (Fig. 7b). Another group is composed
of metamorphic zircons or rims and includes twelve spots. Their
Th and U contents and Th/U ratio show wide ranges of
42e126.62 ppm, 50.61e355.43 ppm, and 0.28e2.35, respectively
(Supplementary Table 2). They show 238U/206Pb ages in the range of
586  7 Ma to 512  8 Ma, and deﬁne weighted mean age of
526.6  8.7 Ma (MSWD ¼ 2.4, n ¼ 11) when calculate based on the
high concordance (>99%) spots (Fig. 7a,b).
Trace element data were obtained simultaneously from the
same spots where U-Pb were analyzed. Totally 35 spots were
analyzed including 23 cores and 12 rims. The zircons display salient
variation of LREE depletion and HREE enrichment, positive Ce, Sm
anomalies and negative Eu, Pr, Nd anomalies, excluding one zircon
from the core with a spot age of 1674Ma that shows positive Pr and
Eu anomalies (Fig. 9a) (Supplementary Table 3).
5.2.2. Sample TRM-8-1
Forty spots were analyzed from 34 zircon grains and the results
can be divided into two groups. The ﬁrst group is represented by
detrital cores and contains thirty one spots, and many of the
analyzed spots are discordant suggesting lead loss (Fig. 7c). Their Th
contents range from 9.93e2723.92 ppm and U contents show a
range of 24.66e468.45 ppm, with a wide range of Th/U ratios
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dance with spot ages spread from 2985  23 Ma to 1950  29 Ma,
suggesting dominantly Neoarchean to Paleoproterozoic source
(Fig. 7d). Another group includes nine spots and shows Th contents
55.76e154.60 ppm, U contents 64.77e277.61 ppm, and Th/U ratio
in the range of 0.26e1.07 (Supplementary Table 2). These are
mostly metamorphic zircons and yield 238U/206Pb ages in the range
of 557  9 Ma to 493  7 Ma, and weighted mean age of
544.8  5.3 Ma when calculate using the high concordance age
spots (MSWD ¼ 1.17, n ¼ 7) (Fig. 7c,d).
The trace element data on 40 spots including 31 cores and 9 rims
on zircons from this sample display obvious fractionated REE pat-
terns with LREE depletion and HREE enrichment, positive Ce, Sm
anomalies and negative Eu, Pr, Nd anomalies. Three zircon cores
(2376 Ma, 2713 Ma, 2587 Ma) show slightly LREE enrichment and
HREE depletion and slightly positive Pr anomalies, negative Ce
anomalies (Fig. 9b) (Supplementary Table 3).
5.2.3. Sample TRM-12-1
Thirty two spots were analyzed from 31 zircons and the data can
be divided into two groups. The older group includes 20 spots and
their Th contents range from 33.23 ppm to 579 ppm and U contents
show a range of 85.2e416.17 ppm, with Th/U values in the range of
0.4e1.39. Many of the analyzed spots are discordant suggesting
obvious lead loss (Fig. 7e). The cores deﬁne 207Pb/206Pb ages
ranging from 2875  35 Ma to 1839  41 Ma, suggesting that the
detritus was sourced from Neoarchean to Paleoproterozoic proto-
liths (Fig. 7f). The second group is composed of metamorphic zir-
cons and contains 12 spots. Their Th and U contents and Th/U ratio
show wide ranges of 73.82e108.64 ppm, 67.21e183.97 ppm,
0.22e1.21, respectively (Supplementary Table 2). The data yield
238U/206Pb ages in the range of 568  13 Ma to 480  10 Ma, and
weighted mean age of 530  12 Ma when calculate using high
concordance age spots (>95%) (MSWD ¼ 2.1, n ¼ 9) (Fig. 7e,f).
The trace element analysis of 32 spots including 20 cores and 12
rims display LREE depletion and HREE enrichment, positive Ce, Sm
anomalies and negative Eu, Pr, Nd anomalies. One zircon from the
core of a grain with an age 2384 Ma shows LREE enrichment andFigure 9. Chondrite-normalized REE diagrams showing the REE content of detrital cores a
McDonough (1989). The zircon ages are shown below, red color represents 207Pb/206Pb ageHREE depletionwith obvious positive Pr anomalies and negative Eu
anomalies (Fig. 10) (Supplementary Table 3).
5.2.4. Sample TRM-7-1
Twenty nine spots were dated from both the cores and meta-
morphic rims of 29 zircon grains in this sample and the data deﬁne
two groups (Fig. 8a). The older group contains 26 spots and their Th
contents range from 64.59 ppm to 306 ppm, U contents show a
range of 1149.66e7527.95 ppm and Th/U values are in the range of
0.03 to 0.2. The cores of these grains display 238U/206Pb ages with
high concordance (>90%) with spot ages ranging from 759  8 Ma
to 555  6 Ma (Fig. 8b), Neoproterozoic magmatic sources. The
second group includes three zircons and show Th contents
68.41e303.27 ppm, U contents 170.31e370.59 ppm, and Th/U ratio
of 0.24e1.15 (Supplementary Table 2). These correspond to meta-
morphic rims having 238U/206Pb ages with high concordance
(>99%) in the range of 532  7 Ma to 518  8 Ma, and yield
weighted mean age of 525.2  8.3 Ma (MSWD ¼ 0.95, n ¼ 3)
(Fig. 8a,b).
Trace element data from twenty nine spots including 26 cores
and three rims can be divided into two groups. One group shows
obvious positive Pr, Eu anomalies, and negative Nd, Sm anomalies.
Another group (including the metamorphic rims) show positive Ce,
Sm anomalies, and negative Nd, Eu anomalies. The zircon grains
slight REE fraction with minor LREE depletion (Fig. 11a,
Supplementary Table 3).
5.2.5. Sample TRM-11-1
Thirty eight spots were analyzed from 36 zircon grains in this
sample and can be divided into two groups (Fig. 8c). The ﬁrst group
includes 27 spots and their Th contents range from 41.65 to
522.50 ppm, U contents show a range of 103.39e642.94 ppm, and
Th/U values in the range of 0.14 to 1.69. Their 238U/206Pb ages with
high concordance (>90%) from the cores show Neoproterozoic
crystallization ages in the range of 957  11 Ma to
602  6 Ma (Fig. 8d). The second group contains 11 spots and their
Th contents range from 16.54 to 73.15 ppm and U showwide ranges
of 48.54e168.29 ppm, Th/U ratio 0.14e1.51 (Supplementarynd metamorphic rims. (a) TRM-6-1 (b) TRM-8-1. Chondrite values are after Sun and
of the core, blue color represents 206Pb/238U metamorphic age.
Figure 10. Chondrite-normalized REE diagrams showing the REE content of detrital cores and metamorphic rims for TRM-12-1. The zircon ages are shown in the right side, red
color represents 207Pb/206Pb age of the core, blue color represents 206Pb/238U metamorphic age.
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238U/206Pb ages in the range of 578  8 Ma to 503  8 Ma, and
weighted mean age of 542  13 Ma (MSWD ¼ 1.7, n ¼ 5) when
calculated using high concordance age spots (Fig. 8c,d).
Thirty eight spots were analyzed for trace elements including
twenty seven cores and eleven rims. The data show LREE depletion
and HREE enrichment, positive Ce, Sm anomalies and negative Eu,
Pr, Nd anomalies (Fig. 11b, Supplementary Table 3).
6. Discussion
6.1. Zircon U-Pb geochronology and REE data
Representative quartzite samples investigated in this study from
the southern Madurai Block are dominantly medium to coarse
grained, light brownish or pinkish color and mainly composed of
quartz, although one sample (TRM-11-1) carries moderate content
of garnet. Field features show that the quartzite bands have been
metamorphosed, folded and fractured and accreted onto conti-
nental basement. Many of them are foliated and show intercalated
pelitic layers (TRM-6-1, TRM-7-1, TRM-11-1).
The majority of zircons from our samples are detrital with a
subordinate group of metamorphic zircons occurring either as rims
or as discrete grains. Based on textural features and age relations,
the zircon grains can be divided into two groups. The detrital cores
from sample TRM-6-1 show 207Pb/206Pb ages from 2887 25Ma to
1674 43Ma (Fig. 7b), with metamorphic rims showing 238U/206Pb
ages in the range of 586  7 Ma to 512  8 Ma and weighted mean
age of 526.6  8.7 Ma (Fig. 7a,b). Zircons from the core of sampleTRM-8-1 show 207Pb/206Pb ages spread from 2985  23 Ma to
1950  29 Ma, and the metamorphic rim yielded 238U/206Pb in the
range of 557  9 Ma to 493  7 Ma with weighted mean age of
544.8  5.3 Ma (Fig. 7c,d). Zircon cores in sample TRM-12-1 show
207Pb/206Pb ages of 2875  35 Ma to 1839  41 Ma and the meta-
morphic rims yielded 238U/206Pb ages of 568  13 Ma to
480  10 Ma together with weighted mean age of 530  12 Ma
(MSWD¼ 2.1, n¼ 9) (Fig. 7e,f). However, the crystallized cores from
TRM-7-1 show 238U/206Pb age distribution from 759  8 Ma to
555  6 Ma (Fig. 8b), with metamorphic ages showing 532  7 Ma
to 518  8 Ma ages and 238U/206Pb weighted mean age of
525.2 8.3 Ma (Fig. 8a,b). In sample TRM-11-1, there are no zircons
with ages older than Neoproterozoic, with cores showing
238U/206Pb ages from 957 11Ma to 602 6Ma, andmetamorphic
ages are distributed from 578  8 Ma to 503  8 Ma with weighted
mean age of 542  13 Ma (Fig. 8c,d). In summary, the detrital cores
of zircons in quartzites from the southern Madurai Block were
mainly sourced from Neoarchean to Paleoproterozoic (ca.
2800e1670 Ma, with peaks at 2900e2800, 2700e2600,
2500e2300, 2100e2000 Ma) and minor Mesoarchean (ca.
2980e2800 Ma) suggesting multiple provenance (Fig. 7,
Supplementary Table 2). However, zircons in samples TRM-7-1 and
TRM-11-1 are dominated by Neoproterozoic population with
magmatic zircons showing 238U/206Pb age of 950e550 Ma. The
metamorphic ages mainly spread from 580e500 Ma (see Fig. 8 and
Supplementary Table 2). Zircon trace element results mostly show
LREE depletion and HREE enrichment with minor to moderate
variation, suggesting different protoliths (Teale et al., 2011). The
zircons dominantly display positive Ce, Sm anomalies and negative
Figure 11. Chondrite-normalized REE diagrams showing the REE content of detrital cores and metamorphic rims. (a) TRM-7-1 (b) TRM-11-1. The zircon ages are shown below, red
color represents 207Pb/206Pb age of the core, blue color represents 206Pb/238U metamorphic age.
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magmatic zircons (e.g., Kooijman et al., 2011).
Previous studies reported Paleoarchean to Paleoproterozoic
(3.4e1.8 Ga, with age peaks at 2.7, 2.5, 2.4, 2.2e2.0 Ga and slightly
lack of 1.8 Ga) detrital zircon from the southern Madurai Block
(Santosh et al., 2003; Collins et al., 2007a; Kooijman et al., 2011;
Teale et al., 2011; Plavsa et al., 2014). Kooijman et al. (2011) re-
ported detrital ages of three quartzites and onemetapelite from the
Kadavur anorthosite complex south of Palghat Cauvery Shear Zone.
The detrital cores yield Paleoarchean to Paleoproterozoic
(3.4e1.8 Ga) ages and the rims display concordant ages at
955  16 Ma and 810  7 Ma. The younger ages are interpreted
correlate with the timing of anorthosite intrusion, with subsequent
metamorphism at 590e490 Ma. Plavsa et al. (2014) reported
Archean to Paleoproterozoic (3.2e1.7 Ga, with major peak at
ca. 2.65, 2.52, 2.4, 2.05 Ga) zircons in metasedimentary rocks from
the northern part of Madurai Block whereas zircons from the
southern part of the Madurai Block in their study show Meso-
proterozoic to Neoproterozoic provenance (1.1e0.65 Ga, withmajor
peak at ca.1.02, 0.95, 0.78, 0.74, 0.67 Ga). Teale et al. (2011) reported
zircon age data from one quartzite sample from Kadavur with
maximum depositional age of 1926  20 Ma. They also obtained
zircons with crystallization age of 829  14 Ma and 766  8 Ma
from gabbro-anorthosite and felsic gneiss. Collins et al. (2007b)
reported similar detrital population (ca. 2700, 2260, 2100,
1997 Ma) from the Madurai Block. A detrital zircon with late Neo-
proterozoic age (695  16 Ma) was also reported. These data show
similar distribution with those from our study (Fig. 12).
Neoarchean to Mesoproterozoic zircons (2.7e1.4 Ga, with peak
age at 2.2, 2.0, 1.9 Ga) were also reported from the granulite facies
metapelites of the Trivandrum Block (Collins et al., 2007b) (Fig. 12).
Santosh et al. (2003) reported Mesoarchean to Neoproterozoic
zircons in awide range of lithologies from different localities within
the crustal blocks of the Southern Granulite Terrane including the
Madras Block (3.2e2.8, 2.8e2.6, 2.5e2.4 Ga), Madurai Block (2.3,
1.7, 1.0e0.8 Ga), Trivandrum Block (2.8e0.4 Ga), and NagercoilBlock (0.61e0.50 Ga). Collins et al. (2007b) also reported Neo-
archean to Mesoproterozoic ages (ca. 2.7 Ga, 2.0e1.3 Ga, with peak
at 1.9e1.8, 1.7e1.6, 1.4 Ga) from one quartzite sample in Achankovil
Shear zone (Fig. 12).
In the adjacent terrane of Sri Lanka, Kröner et al. (1987, 1994)
and Takamura et al. (2016) reported Archean to Paleoproterozoic
detrital zircons (3.2e1.8 Ga, with age peaks at 3.2, 2.8e2.6, 2.4,
2.2e2.0, 1.8 Ga) from the Highland Complex (Fig. 12). Sajeev et al.
(2010) reported detrital cores showing ages in the range of
2.5e0.83 Ga from the UHT granulite of Highland Complex. In a
recent study, Takamura et al. (2016) obtained Neoarchean to Pale-
oproterozoic ages (ca. 2700e1700 Ma, with minor Paleoarchean
(ca. 3500 Ma), Mesoproterozoic (ca. 1200 Ma), as well as early to
middle Neoproterozoic (ca. 800e600 Ma) components from the
Highland Complex. Detrital zircons from southernMadurai Block in
India and Highland Complex in Sri Lanka show broadly similar
provenance.
Several Paleoarchean to Neoarchean basement rocks are re-
ported from south India including the Dharwar Craton (3.4e2.5 Ga,
Beckinsale et al., 1980; Chadwick et al., 2000; Jayananda et al.,
2000; Collins et al., 2003; Yellappa et al., 2012), Coorg Block
(3.4e3.0 Ga, Santosh et al., 2015, 2016), Salem Block (2.53 Ga,
Ghosh et al., 2004; Clark et al., 2009; Sato et al., 2011a; RamMohan
et al., 2013; Collins et al., 2014), Nilgiri Block (ca. 2.7 Ga, Samuel
et al., 2014), and Neoarchean to Paleoproterozoic basement from
Palghat-Cauvery Suture Zone (PCSZ) (2.5e2.1 Ga, Janardhan, 1999;
Collins et al., 2007a; Saitoh et al., 2011; Santosh et al., 2012). These
Paleoarchean to Neoarchean basement could have served as a
major source of the detrital zircons of Madurai Block sediments.
The metamorphic ages from the quartzite of northern Madurai
Block reported by Plavsa et al. (2014) range from early to latest
Neoproterozoic (ca. 860 Ma, ca. 821e770 Ma, ca. 576 Ma). The
dominant metamorphism of southern Madurai Block has been
constrained as late NeoproterozoiceCambrian (ca. 556 Ma and ca.
540 Ma). Collins et al. (2007b) also reported high-grade meta-
morphism from Trivandrum Block at 513  6 Ma. In the Highland
Figure 12. Probability density plots versus 207Pb/206Pb age (in Ma) of the metasedimentary rocks from the southern Indian terranes (northern and southern Madurai Block, and
Trivandrum Block) and Sri Lanka (Highland Complex). Figure references: (a) Madurai Block (Collins et al., 2007b; Kooijman et al., 2011; Teale et al., 2011; Plavsa et al., 2014);
(b) Trivandrum Block (Collins et al., 2007b); (c) Achankovil Shear Zone (Collins et al., 2007b); (d) Highland Complex (Kröner et al., 1987; Sajeev et al., 2010; Takamura et al., 2016);
(e) Southern Madurai Block (this study).
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540 Ma with the ca. 550 Ma age interpreted as the peak of high-
grade granulite facies metamorphism (Kröner et al., 1987, 1994;
Sajeev et al., 2010; He et al., 2016a, b; Takamura et al., 2016). The
ca. 550 Ma age is also regarded as the peak metamorphic event insouthern India associated with the ﬁnal amalgamation of Gond-
wana supercontinent (Santosh et al., 2003, 2006; Collins et al.,
2007b; Sato et al., 2010; Plavsa et al., 2015).
In summary, the zircon data from our study are coherent with
those from previous studies in the Madurai Block, Trivandrum
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archean to Paleoproterozoic detrital zircon ages might have been
sourced from the northern blocks of the SGT, whereas the Neo-
proterozoic to Cambrian zircons were mostly derived from prox-
imal provenance in the southern Madurai Block.
6.2. Tectonic implications for the amalgamation of Gondwana
Peninsular India was located at the central domain of the
Gondwana assembly surrounded by Madagascar, Africa, Sri Lanka,
East Antarctica and Australia (Collins et al., 2014). Previous studies
identiﬁed Archean to Proterozoic provenance in Gondwana frag-
ments for the Neoproterozoic metasediments (Santosh et al., 2003;
Collins et al., 2007a; Plavsa et al., 2014). Takamura et al. (2016)
correlated the Archean (ca. 3.4e2.5 Ga) detrital zircons of Sri
Lanka with source in the Dharwar Craton, Coorg Block and Salem
Block, whereas the Paleoproterozoic zircons are thought to have
been mostly derived from the Congo-Tanzania-Bangweulu Block.
Tsunogae et al. (2015) reported Neoproterozoic (999e965 Ma) arc
magmatism from Lützow-Holm Complex (LHC) and correlated it
with the Kadugannawa Complex in Sri Lanka, suggesting that these
terrane were formed in the same setting. The metamorphic ages
from LHC (582e574 Ma) are also coherent with those from Sri
Lanka (582e533Ma) (Santosh et al., 2014; Dharmapriya et al., 2015;
Tsunogae et al., 2015; Takamura et al., 2016). Cox et al. (1998, 2004)
identiﬁed that the Itremo Group of Madagascar has a similar
depositional age with correlative rock units in East Africa and India.
The Dharwar craton is dominantly composed of >3.0 Ga base-
ment, with theWestern Dharwar Craton (WDC) (ca. 3.4 Ga TTG and
ca. 2.6 Ga), granulitic domain of Central Dharwar Province (CDP)
(2.55 and 2.53 Ga) and TTG and calc-alkaline igneous protoliths
Eastern Dharwar Craton (EDC) (Chadwick et al., 2000) as the major
units. The Paleoarchean to Mesoarchean ages (2.98e2.8 Ga) in our
quartzites might have been derived from the reworked Archean
crust of the Dharwar Craton (Chadwick et al., 2000; Jayananda et al.,
2000; Peucat et al., 2013). Prakash (2010) correlated the prove-
nance of the continent crust in the NW of Madurai Block with
southern Dharwar craton. The Mesoarchean basement detrital
zircons of quartzite (3031e3007 Ma) and xenocrystic zircons of
lapilli tuffs (3225e3169Ma) from the Central African Copperbelt, as
well as igneous rocks from east Antarctica (3800, 3000, 2800,
2500 Ma) (Harley and Black, 1997; Rainaud et al., 2003) also have
Meso- and Neoarchean ages. These Archean basements in different
Gondwana fragments show similar age distribution, and have
served as multiple provenance.
Several studies reported Neoarcheanmagmatic rock from Salem
Block at the southern part of the Dharwar Craton, the results sug-
gest these rocks dominantly crystallized at ca. 2530 Ma with sub-
sequent metamorphism at ca. 2480Mawithin an active convergent
margin (Clark et al., 2009; Sato et al., 2011a; Ram Mohan et al.,
2013). Plavsa et al. (2014) reported late Archean to early Paleo-
proterozoic (2.7e2.45 Ga) metasedimentary rocks from Salem
Block together with positive Hf values of 0.3e8.8, indicating juve-
nile sources. Paleoproterozoic (2.4e2.1 Ga) protoliths are widely
distributed in various crustal blocks of the Southern Granulite
Terrane with a common peak metamorphic event at ca. 550 Ma
identical to those in the adjacent Gondwana fragments. The
Madurai Block exposes Archean basement rocks in the north and
west and whereas the southern and eastern domains are mainly
composed of Proterozoic basement (Collins et al., 2007b; Plavsa
et al., 2012). Thus, the Archean to Paleoproterozoic detrital zir-
cons in our samples might have been derived from distal sources in
northern Madurai Block, Salem Block or Dharwar craton and Neo-
proterozoic ages are from more proximal sources of possible arc
magmatic rocks. However, metasedimentary rocks carryingArchean to Paleoproterozoic zircons have also been reported from
Madagascar (Itremo Group 2.69e1.85 Ga and Molo Group
1.7e1.5 Ga) (Collins, 2006). Cox et al. (2004, 1998) suggested that
the Itremo Groupmight source from the East Africa, the central and
southern Madagascar, the central Madagascar were linked with
Tanzania, and the eastern and northern Madagascar were con-
nected with India during Paleo- and Mesoproterozoic times. Thus,
both north and east Madagascar terranes have been suggested as
major sources of the Paleoproterozoic detrital zircons of southern
Madurai Block.
Bartlett et al. (1998) reported Paleoproterozoic to Neo-
proterozoic Nd model ages (1500e1200 Ma) from the Achankovil
Shear Zone, similar to the ages reported from the Itremo Group of
central Madagascar, as well as the East Africa. The Neoproterozoic
depositional ages obtained from zircon grains in the metasedi-
ments of Trivandrum Block show correlation with the western and
southern Malagasy metasediments (Collins et al., 2007b).
Early to middle Neoproterozoic magmatic events were also re-
ported from the SGT, such as those from Manamedu from the
southern segment of the Palghat-Cauvery Suture zone (Santosh
et al., 2012), Kadavur (Teale et al., 2011), and locations in the
Madurai Block (Santosh et al., 2009b), correlated tomid Cryogenian
subduction-related magmatism is prior to the closure of
Mozambique ocean and amalgamation of the Gondwana
supercontinent.
The late NeoproterozoiceCambrian metamorphic ages from
throughout the Mozambique belt together with adjacent terranes
including Congo-Tanzania, Kalahari, East Antarctica India as well as
other fragments including those identiﬁed in this study mark the
ﬁnal amalgamation of the Gondwana supercontinent.
In summary, the metasediments of the Trivandrum Block
forming part of the khondalite belt appears to mark the zone of
closure of the Mozambique ocean that separated the Paleoproter-
ozoic basements of the Madurai Block to the north and Nagercoil
block to the south. The quartzites investigated in this study possibly
mark the northern boundary of this ocean forming part of a con-
tinental shelf sequence which were metamorphosed and accreted
onto the southern part of the Madurai Block during the collisional
tectonics associated with Gondwana assembly. The early Neo-
proterozoic proximal sources in the southern Madurai Block also
contributed detritus to these sediments prior to the ocean closure,
in addition to a mixture of detritus from multiple provenance
similar to those in the Trivandrum Block sediments.
7. Conclusions
(1) Detrital zircon U-Pb data from metasediments (quartzites) in
the southern Madurai Block show dominant Neoarchean to
Paleoproterozoic ages (ca. 2800e1670 Ma, with peak at
2900e2800 Ma, 2700e2600 Ma, 2500e2300 Ma,
2100e2000 Ma) and minor Mesoarchean (ca. 2980e2800 Ma)
components. Two samples also show exclusive Neoproterozoic
ages (950e550 Ma) in the absence of older ages.
(2) The zircon trace element data dominantly display obvious REE
fractionwith LREE depletion and HREE enrichment, positive Ce,
Sm anomalies and negative Eu, Pr, Nd anomalies.
(3) The Neoarchean to Paleoproterozoic detrital zircons from
southern Madurai Block might have been sourced from the
northern blocks of the Southern Granulite Terrane in India, as
well as from distal provenance in Madagascar and Africa,
similar to those in the khondalite belt of the Trivandrum block.
(4) The ages of metamorphic zircons in our samples from southern
Madurai Block dominantly spread from 580 to 500 Ma, which
are coherent with the ages reported from the adjacent Tri-
vandrum Block (ca. 513  6 Ma), Sri Lanka (582e533 Ma), and
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grade metamorphism associated with the ﬁnal amalgamation
of the Gondwana supercontinent.Acknowledgments
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